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FOREWORD 


This  r«p«rt  vaa  praparad  bgr  tha  Fluid  and  Lubrloant  Matarlala  Branohf 
Ranaetallie  Matarlals  Divlalan,  A,  F.  Matarlala  I«abaratas7  with  Dr.  Tung 
I»lu  aa  Prajact  Bnginaar.  Tha  aaric  rapartad  haraln  ima  Inltlatad  undar  PJra- 
jaat  73*^2  ”Fundaa«rital  Raaaaroh  an  Haoraaalaottlar  Matarlala  and  Lubrloatlan 
Phanaaana",  Taak  73^204,  Tundaaantal  Invaatlgatians  af  Frietlanat  Dubriea. 
tian,  Maar,  and  Fluid  Meehanloa**.  Tha  rapart  wvara  a  pariad  af  aark  fraa 
1  July  1962  ta  30  Juna  19^3* 
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ABSTRACT 


The  sliding  friction  between  copper  specinens  were  neasnred  under 
atmospheric  conditions  under  loads  of  0,1  to  20  grams,  With  weiy  clean 
surfaces,  the  coefficient  of  friction  was  1.0«1,1  for  the  entire  load 
range.  With  less  clean  surfaces,  the  ccefficiwit  of  friction  obtained 
was  about  0,4,  Since  the  degree  of  cleanliness  cannot  bo  cmtrolled  quanti¬ 
tatively,  the  friction  -  load  curve  of  eliding  copper  pairs  in  air  exhibits 
a  bifurcation  charaoterlotic.  The  hi^r  friction  value  may  be  satisfac¬ 
torily  explained  by  adhesion  theory,  ^  sign  of  adhesion,  however,  was 
detectable  when  the  friction  coefficient  was  0,4,  AH  observations  to  date 
indicate  that  plastic  deformation  exists  during  the  sliding  process,  Using 
published  data  on  the  total  expended  work  in  plastic  deformation,  the  coef¬ 
ficient  of  friction  between  oopper  pairs  was  estimated  to  be  about  0,2, 

When  adhesion  is  negligible,  based  on  the  plastic  deformation  mechanism,  one 
may  deduce  that  (l)  the  friction  coefficient  depends  largely  on  the  properties 
of  the  softer  material  of  the  two  specimens,  and  (2)  upon  repeated  sliding, 
a  sll^t  drop  in  friction  may  be  observed.  Both  of  these  predictions  have 
been  verified  experimentally. 

This  report  has  been  reviewed  and  is  approved. 


Fluid  and  bubrioant  Materdals  Branch 
Hotmetallle  Materials  Bivision 
AF  Materials  Laboratory 
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IBTRODUCTIOH 

The  eliding  ft-ictien  between  eelids,  perUcularly  Jietallio  eelide,  hae 
been  auoeeeefully  explained  qualitatirely  by  adheeien  theery,  due  largely  te 
the  exteneiye  wejrit  ef  Bewden,  Taberi  and  ee-werkera  (2)  as  veil  as  ethers* 

This  theery  in  its  eriginally  prinative  fern  stated  that  the  aottial  area  ef 
eentaot  (A)  betveen  selids  is  equal  te  the  lead  (^)  divided  by  the  flew  pres¬ 
sure  (pa*)  ef  the  weaker  e'f  the  twe  selids  in  eentaet*  At  these  regiens  ef 
eentaot,  the  twe  selids  twm  a  number  ef  junotiens  as  if  they  were  welded 
together*  Frietien  (F)  represents  the  feree  required  te  shear  these  junotiens 
apart*  Hathenatieally,  the  theory  is  expressed  as» 


F  =  As 

i2.-> 

II 

n 

:= 

(3) 

where  (s)  is  the  shear  stress*  Thus,  the  ceeffieient  ef  friction  nay  be  re- 
presmted  by  the  ratio  ef  shear  stress  te  flew  stress  ef  the  naterial,  and 
beoenea  its  intrinsic  property* 

This  representation,  however,  assuaes  the  indopondenee  ef  yield  pressure 
and  shear  stress  lAieh  is  inacoiirate  as  pointed  out  by  the  authors*  It  also 
prediets,  contrary  te  experinontal  result^  thaty<^  cannot  bo  auoh  mere  than 
unity*  MeFarlane  and  Taber  (13)  experiaentally  observed  the  growth  ef  juno¬ 
tiens  prior  te  aacrescepic  sliding  between  the  solids*  Taber  (l6)  later  re¬ 
vised  the  theery  by  oensidering  the  junotien  gwwths  under  ewabined  oppressive 
and  shear  stress  and  arrived  at  the  resul'j^ 
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whare  (k)  Is  tha  ratla  af  shear  stress  ef  the  junction  to  that  of  the  bulk 
of  the  material.  This  expression  predicts  an  extremely  high  coefficient 
of  friction  when  the  two  solids  are  identical  both  In  composition  and  In 
orientation.  Mismatched  lattice  Invariably  lead  to  the  formation  of  a 
junction  with  lower  shear  stress. 

Gwathmey  at  ll  (8)  reported  that  the  static  friction  coefficient  be¬ 
tween  single  crystals  of  copper  (face  centered  cubic  lattice)  under  vacuum 
exceeded  100  when  two  matched  (lOO)  surfaces  were  In  contact.  Heplaolng 
one  with  another  (ill)  surface,  the  coefficient  of  ftrlotlon  dropped  to  2% 
Takagl  and  Tsuya  (17)  extended  the  study  to  the  directional  effects  on  the 
friction  between  two  (lOO)  surfaces.  Tttey  reported  that  when  the  direction 
was  matched,  the  average ^  was  114.  When  the  rider  was  rotated  45® (tha 
(100)  surface  has  fotu*  fold  symmetty  and  the  45®  rotation  represented  the 
maximum  mismatch  J  the  ooefflelent  of  fH.etlon  dropped  down  to  half  of  the 
above  value  (  average yU  -  5^).  Veiy  high  coefficients  of  friction  between 
polycrystaline  copper  were  also  reported  (l). 

From  the  evidence  cited  above,  together  with  those  Including  other 
materials.  It  Is  quite  evident  that  this  refined  adhesion  thooxy  explains 
rather  satisfactorily  the  very  high  friction  between  clean  metals  in  vacuum. 
However,  the  theory  also  predicts  that  the  adhesion  between  clean  metals 
in  air  should  be  aj^reclable  unless  ether  mechanisms  responsible  for  the 
sliding  friction  become  significant  ^the  corresponding  (k)  values  for 
^  »  1  and  0.5  are  0.95  and  0.82  respectively)  .  In  particular  when 1, 
one  percent  change  In  (k)  should  alter  the  ooefflelent  of  frlotlon  ly  10 
per  cent.  Inasmuch  as  the  oomposltlon  of  the  surface  cannot  be  closely 
controlled,  the  sliding  friction  data  obtained  under  aj^arently  similar 
circumstances  may  easily  be  expected  to  vaxy  by  a  factor  of  two.  Partlcu- 
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larly  Mhen  different  experimental  techniques  are  Involved. 

Whitehead  (20)  measured  the  sliding  frlcUon  betueen  copper  epeclinens 
at  a  veiy  slow  speed  of  0.01  cm/sec.  over  a  load  range  of  0.01  to  10,000 
grams.  The  experiments  were  carried  out  under  an  ordinary  ataospheref'and 
the  data  were  apparently  reported  as  the  static  friction  coefficient  (cal. 
culated  from  the  maxima  of  frictional  force).  With  electrolytloally  polished 
copper,  a  constant  coefficient  of  friction  (Amonton’s  second  law)  of  0.45 
and  1.8  were  observed  for  load  ranges  of  <1  gm  and>40  grams.  For  the 
loads  In  between,  the  coefficient  of  friction  was  found  to  Increase  with 
load.  He  explained  that  the  friction  coefficient  of  1.8  was  due  to  adhesion 
while  at  lower  loads  the  latter  was  prevented  because  of  the  surface  oxide 
film.  This  explanation  was  substantiated  by  Wilson’s  (2l)  measurement  of 
contact  resistance  as  a  funcUon  of  load  using  the  Identical  apparatus. 
Whitehead  also  studied  the  effect  of  surface  finish  on  the  friction  of 
copper  and  obtained  friction  coefficient  -  load  curves  having  similar  char- 
Soteristlc  but  with  shifting  load  ranges  at  which  Aaonton’s  law  failed  (or 
the  range  where ^  varied  with  load).  At  vexy  high  loads,  of  the  coefficients 
of  friction  obUlned,  aU  but  one  data  point  lay  veiy  close  to  1.8.  Ho  at- 
tempt  was  made  ly  the  author  to  explain  the  friction  at  veiy  low  loads  other 

than  attributing  It  to  be  due  to  the  oxide  film, 

Walton  (19),  with  carefully  designed  experimental  procedure  Investigated 

the  adhesion  between  copper  specimens  dnslng  the  sliding  process.  H*  found 
that  adhesion  was  not  detectable  whenever^a  was  less  than  0.5.  With  a  load 
of  100  grams,  the  sliding  frloUon  force  was  found  to  vary  over  a  wide  range. 
Taking  the  Instantaneous  values  of^ ,  a  linear  relationship  betweeny^  and 
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adhesion  was  obtained.  Plotting  the  friction  force  versus  adhesion*  an 
Intercept  of  50  grams  was  obtained.  This  portion  of  the  friction  force 
evidently  did  not  come  from  adhesion  mechanism. 

Svldenee  thus  far  Indicates  that  the  coefficient  of  friction  of  copper 
at  low  loads  Is  due  to  a  mechanism  other  than  adhesion.  Thus*  In  certain 
ranges  of  load*  the  friction  should  become  very  sensitive  to  the  nature 
of  the  surface  film.  An  experimental  program  was  therefore  carried  out 
to  study  the  friction  of  copper  emphasising  the  load  range  where  Anontons* 
law  was  not  obeyed. 

EXPERIMENTAL 

Figure  1  shows  the  experimental  apparatus*  the  detail  description  of 
which  will  be  published  elsewhere  (12) •  The  specimens  used  consisted  of 
a  four  Inch  disk  and  a  1/8"  diameter  si;herloal  rider*  which  were  used  through, 
out  this  work.  A  close  up  of  the  specimens  Is  shown  In  Figure  2.  The  disk 
specimen  was  mounted  on  a  shaft  driven  through  a  hydraulic  transmission 
capable  of  varying  the  speed  from  0.1  to  500  rpm.  The  rider  arm  pivoted 
on  two  sets  of  Jewel  bearings  and  was  connected  to  the  drive  shaft  through 
a  traverse  mechanism,  ^n  engaging  the  traverse  mchanlsm  the  rider  am 
can  travel  radially  with  respect  to  the  disk  specimen.  At  apy  desired 
location*  the  traverse  mechanism  may  be  disengaged  leaving  the  rider  at 
a  fixed  spot.  A  oam  Is  provided  such  that  the  rider  Is  automatically  lifted 
up  when  It  Is  close  to  the  center  or  the  edge  of  the  disk  to  prevent  any 
Impact  between  the  specimens.  A  linkage  mounted  with  two  parallel  leaf 
springs  on  the  rider  am  support  Is  connected  between  the  oore  of  a  LVDT 
(linear  variable  differential  transformer)  and  the  rider  holder*  which 
provide  the  means  for  measuring  friction  force.  The  output  of  the  hVDT 

1 


wns  fed  through  amplifier  to  a  strip  chart  recorder*  Using  a  set  of 
sprlngSf  the  output  per  unit  force  was  calibrated  versus  an  analytical  balance* 
The  overall  accuracy  is  of  the  order  of  *2?^  for  fricUonal  forces  larger 
than  1  gram* 

At  the  beginning  of  each  run,  the  irlder  nrm  wus  carefully  balanced 
and  moved  to  the  center  of  the  disk  specimen  (not  touching)  and  a  dead 
vei^t  load  applied*  (In  this  work  the  range  of  loads  was  0*1  to  20 
grams*)  After  the  rotating  speed  has  been  adjusted,  the  arm  traverse 
meoh>nism  was  engaged*  The  rider  then  scribes  a  spiral  path  on  the  virgin 
surface  of  the  disk  specimen  as  a  stylus  on  a  pfeonograj**  Upon  reaching 
the  desired  position,  the  rider  was  loft  to  rub  repeatedly  on  the  same  track 
of  the  disk  by  disengaging  the  traverse  mechanism* 

All  the  experimental  work  described  in  this  paper  was  carx*led  out 
under  atmospheric  conditions*  During  the  experiments,  the  temperature, 
and  relative  humidity  was  frequently  dieoked  and  found  to  be  well  in  the 
ranges  and  30«»50^  respectively*  Kb  attempt  was  made  to  control 

these  variables*  The  aj:qp>aratus  itself,  however,  is  capable  of  handling 
temperatures  in  excess  of  1400®F,  vacuum  to  10-7  Torr.  range^  as  well  as 
controlled  atmospheres* 

The  copper  specimen  used  were  made  of  99*9^  eoramerclally  pure  copper* 

Other  materials  used  were  M.io  tool  steel  (hardness*  RC50),  commercially 
pure  aluminum,  fused  q[uartz,  and  white  sapphire* 

The  spherical  specimens  obtained  eonmercially  had  average  surface 
finishes  ^  3  micro  inches  and  were  used  without,  further  polishing*  The 
disk  specimens  were  wet  sanded  with  60O  grit  finish  (2J*  micro  inches)! 

Some  specimens  were  further  finished  with  a  metallurgical  polisher  to  a 
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.urfac.  routes.  l«s.  than  oiw  mlo»  Inch.  Prior  to  th.  moamironont,  th. 
opoelBon  wao  woohod  vlth  othw,  looproRrl  aleohol,  and  dlntlUod  »at«r.  The 
final  naehln*  mth  nator  aleo  Indloated  Vhethor  the  dogroaeing  «.  oo.ig.loto. 
Whonovor  «ator  droplets  wro  found  to  hang  on  the  spodaon,  the  oolrent 
vashing  procesB  was  rspeatsd* 

Manjr  of  the  rwtalllo  spooliwno  uoro  oloanod  olootroljtlcalljr  prior  to 
the  friction  noasuronont  as  ouggofltod  ty  Dr.  CanptooU  (3^.  Doing  20# 
oolution.  the  oathodio  reduction  was  carried  out  for  one  ninuU  at  a  current 
density  of  1  m/m?  and  10  seconds  at  10  mIcmK  1  10  cm  r  10  cm  sheet 
copper  «a.  used  as  the  anode.  The  speolnen  «a.  rinsed  ulth  distilled  water 
and  dried  with  warn  air  Imiedlotoly  after  reawral  from  the  eleotrolytlo 
bath  and  placsd  on  the  exporlmsnt^l  apparatus. 


RESTOaTS 

the  effect  of  sliding  speed  w>s  first  deteriained  hy  •  series  of  runs  of 
copper  on  copper  with  10  grass  of  load.  Th.  friction  ooefflolent  was  neasured 
.t  fire  different  rotating  speeds.  5,  10.  20.  50.  and  100  rps.  and  uith  a 
fixed  eUdlng  dlaa-ter  of  3  *  0.25  in.  The  corresponding  linear  speed  range 
is  bout  0.8  to  1«  in/s«..  The  results  shoun  in  Figure  3.  H  oan  readily 
he  seen  that  M  gradually  increased  with  speed.  »t  a  speed  of  20  n»  or  less. 
Ite  effect  on  frietlon  *n,fflelent  is  negllgl«..  AU  other  run.  «re  there- 
fore  ..ade  at  a  single  spped  of  20  rp.  in  order  to  eUsdnat.  on.  rariahle. 

The  linear  sliding  ^  during  th.  initial  spiral  path  lnor..««l  from  0.5 
to  about  3  in/soo.  iAlOh  1.  alK.  the  arersg.  sp«ri  during  rspsated  sliding. 

Bemau  fron  the  thorou^  oUsaed  oopp«f  .p.ol»n  are  presented  in 
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Figttre  k  which  shows  thst  the  cosmcisnt  of  friction  is  about  1.0  to  l.l 
for  ths  sntirs  load  rangs  nsasursd  (0.1-20  grawi).  *hs  rssults  sgrssd  woU 
with  our  sarlisr  valus  of  l.l  using  another  apparatus  owsr  ths  load  rangs 
120-6000  grans  (ll).  This  vslus  also  agrsss  with  ths  swsrags  rssults  ob- 
tainsd  by  Whlton  (19)  with  a  100  gran  load.  Throughout  this  work,  data  ars 
rsportsd  as  dynamic  friction  as  it  was  found  that  static  friction  values 
obtained  from  sliding  techniques  is  sensitive  to  the  surface  preparation 
procedure  as  well  as  the  dnmplng  acUon  of  the  apparatus  and  instrument. 
Whitehead  (20)  apparently  reported  sUtlc  ooeffiolent  frloUon  values  of 
The  discrepancy  can  in  part  be  explained  as  the  difference  be¬ 
tween  the  static  and  dynamic  friction  forces. 

A  typical  portion  of  recorded  frictional  force  is  rtwwn  in  Figure  5. 

It  can  be  seen  that  friction  force  showed  a  variation  of  *30^.  ocoaslons, 
«.p.oUlly  at  low  raoh  lowr  oo.melmt.  of  frloUon  of  about  O.k 

mro  obaarrad  InltUUy,  and  In  noat  of  thaaa  oaaaa.  frloUon  ooafflolanta 
of  1.0  to  1.1  — ra  again  obaarrad  aftar  rap— tad  r«iM>lng.  tblo  la  dbrlo— ly 
duo  to  ao-  aurfaca  contanlnatlon  aa  t«y  ba  aaan  fro.  tba  folloalng  raaulta. 

If  tha  — thodlo  raduoUon  prooadura  —a  o— .ttod,  that  la.  the  fUia 1 
-■■..-..g  m  nada  vlth  -Irant  wahing  and  <***ad  Uth  -t«r  ratting,  tha 
raaulta  obulnad  rare  oonaldarabl,  dlff.r«tt.  On  tha  Urgln  aurfa-  of  tha 
dlah  (the  initial  aplral  pathj  tha  o-fflolant  of  frloUon  la  In  tha  nalgh- 
borhood  of  0.4.  Open  rap-tad  rubbing  for  load,  of  fir.  gran,  or  hl#«r, 
the  o— fflol-t  of  motion  wrant-Uy  —  up  to  about  1.0.  it  lo-r  load, 
tha  motion  o-fflol-t  umially  ra-lnad  oonatant.  &  gonaral,  the  high- 
tho  load,  tha  loo.  tl-  -a  naadad  for  the  motion  to  rl-.  Tha  data  ar. 
au—arlted  In  Tabl.  1  and  Uluatratad  la  fifura  «.  i  typical  r— ordlng  la 
ahom  In  flguro  7  rhloh  .horn  that  motion  c-fflol— t  had  junpad  fron  about 
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0.4. to  over  1.0  within  a  very  short  tln». 

Examining  tho  restata  of  a  larga  number  of  runs,  the  instantaneous 
frlcUon  .»«««  to  .lth«  O.t  or  1.0.  Iaor«..d  .pood 

tend,  to  h..t.n  the  rle.  In  frloUon.  Wer.  the  t*.  value,  of  frle- 
Uon  coefflol«it  uor.  not  ohenjed.  S«oth.r  mnrteo.  flnieh  he.  offoot. 

.taller  to  that  of  Inerea^rf  ««d.  «  only  facilitate,  the  rise  In  friction. 
The  wear  treok.  were  Mtaalned  under  a  nleroaxip..  0on.ld.rabl.  difference, 
were  noticed  between  the  track  fro.  which  the  oo.fflcl«>t  of  friction  of  l.O 
ha.  been  obeerved  and  for  on.  with  the  lower  frlcUon  value.,  the  fomwr 
.bowed  a  large  «K.unt  of  neUl  tranefor  and  a  nuoh  wider  track  ae  well  as 
..vw.  wear  on  the  rider.  If  the  .Udlng  wa.  ternlnated  while  the  friction 
renamed  about  0.4,  the  track  ehow«l  nerely  grove,  m  the  direction  of  eliding 
with  no  evidence  of  metal  tranafer.  Individual  grove,  are  of  the  order  of 
2  X  lo\i  wide.  Ths  wear  on  the  rider  was  also  barely  noticeable. 

Another  series  of  experlaente  were  carried  out  with  a  fixed  track  using 
gradually  increased  load  fron  O.l  to  20  grams.  Starting  with  0.1  gram  load, 
the  loads  were  increased  to  0.2.  0.5.  1.0,  2.0.  5.0,  and  10.0  grams  with 
twenty  minutes  of  running  time  at  each  loads.  The  sliding  system  was  then 
allowed  to  run  under  20  gram  load  for  60  minutes  after  which  the  load  was 
reduced  stepwise  in  the  same  manner  until  0.1  grama  was  reached.  The  results 
are  shown  in  Table  2.  It  was  noticed  that  the  rider  may  be  replaced  with  a 
new  rider  during  any  stage  without  noticeable  change  in  the  results.  Data 
from  a  typical  run  is  shown  in  Figure  8  ^ere  the  coefficient  of  friction  is 
plotted  Yersus  load.  Resulte  also  shows  that  the  friction  coefficient  of 
two  different  values  may  be  obtained  under  apparently  identical  conditions. 
This  phenomenon  wa.  first  reported  ty  Ding  and  Weiner  (lo)  a.  bifurcation*. 
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Th®  fact  that  value®  of^  of  the  upper  hraneh  fell  doira  eoaewhat  at  low  load 
ie  apparently  due  to  the  preeenoe  of  liiQjaritiea* 

Frlotlon  neamirenente  laare  aleo  nade  with  Hi»lO  tool  steel  ^^eolnens  in 
order  to  ebow  the  peeuliaritgr  of  the  eopperi-oopper  eyetene*  IJyptcal  frioUon 
traoee  with  and  without  eathodio  reduetlon  oleanlng  prooees  are  ahowt  in 
Figure  9*  The  effect  of  eurfaoe  filn  le  <)ulte  apparent*  However*  the  reeulte 
did  not  ebow  the  two  distinot  levels  of  friotim  eahlblted  bgr  the  obppeiv 
oopper  agreteou 

Riders  made  of  MLlO  tool  steel*  fused  quarts*  and  white  sapphire  were 
also  used  for  friction  measurements  on  oopper  disks*  the  results  are  sun# 
narized  in  Table  3*  Riders  of  these  three  materials  together  with  oopper 
were  also  run  with  oomnerldally  pure  aluminum  disks*  The  results  are  shewn 
in  Table  4*  AH  metal  speoimens  were  cleaned  with  the  oaUiodio  reduction 
preoess  idiHe  the  quarts  and  sapphire  riders  were  eleaned  tgr  solvents  only* 


DISCUSSION 

For  thoroughly  cleaned  copper  specimens*  Amontons*  law  was  obeyed  with 
^  »  l,0-l*t  for  the  entire  load  range  (0*1  to‘20  grans)*  Adhesion  between 
surfaces  was  vezy  evident*  For  sliid^tly  CMttaninated  surfaces  Anontons*  law 
again  was  obeyed  initially*  however*  the  ooeffloient  of  friction  was  only 
0*h*  Our  earlier  results  (li)  using  not  oarefblly  cleansd  saa^ples  ahoiwd 


that  on  oooasions*  this  yM-  0*4  was  obswrvsd  with  loads  In  sxosm  of  500  grans* 
In  oH  thsse  oases*  no  sign  of  adhesion  was  observed  which  agrees  with  others 
as  Walton  (19)  den»istratad  that  adheslcm  between  oopper  was  not  deteotaULe 
fOTyU^0*5*  The  range  in  whieh  Whitehead  observed  (l^) JU  Increased  with  load 
Is*  therefore*  identical  to  the  speeiflc  eaeperinental  environments. 

Ling  and  Weiner  (lO)  first  reported  the  blAircatloo  of  the^-load  ourr^* 
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of  lead  pairs.  They  found  that  the  shape  of  the  upper  branch  could  be 
explained  by  adhesion^  but  not  that  of  the  IcfNer  one.  They  also  found 
a  bifurcation  of  adhesion  with  a  negligibly  swall  lower  branch.  Kussell, 
Burton*  and  Ku  (15)  studied  the  friction  between  oxidised  oopper  in  diy 
helium  atmosphere  and  also  observed  the  biAiroatim  phenomenon.  They* 
likewise*  concluded  that  two  mechanisi^  of  friction  anist  exist  under 
apparently  identical  oojfiditions.  In  the  case  of  copper«*oopper  eyctmi 
it  is  also  found  neoessaxy  to  consider  some  mechanisa  other  than  adhesion 
to  explain  the  lower  value  of  yU  . 

Greenwood  and  Tabor  (?)  showed  that  the  coefficient  of  friction  of 
the  order  of  unity  such  as  that  observed  between  vexy  clean  oopper  speci¬ 
mens  in  air,  must  be  due  to  weak  adhesion  as  caused  by  the  surface  oxide. 

In  the  same  paper  they  also  pointed  out  that  a  certain  amount  of  work  could 
be  expended  in  plastically  deforming  the  specimens  even  though  they  were  se- 
painted  by  a  lubx*ieating  film. 

Feng  (5)  Illustrated  severe  plastic  deformation  at  the  sliding  inter¬ 
face.  Moore  and  Tegart  (l4)  showed  that  with  a  hard  rider  sliding  repeatedly 
on  a  oopper  surface*  the  oxide*  and  other  impurities  wexvi  found  well  below 
the  surface.  Such  could  only  haj^n  if  the  region  near  the  contact  area 
undexvent  considerable  plastic  defoimation. 

estimating  the  energy  required  for  plastic  deformation  (ploughing 
term  as  frequently  used)  Bowden  and  Tabor  (2)  used  mierosoopio  model  and 
concluded  that  the  ploughing  term  is  usually  negligible.  Walton  (19)  re¬ 
fined  the  oaleulatien  using  microseopic  model  aeperities*  and  showed  that 
for  small  spharioal  aspsrities  and  using  the  hardness  of  the  oxide  for  the 
calculation*  a  ooeffielent  of  friction  of  the  order  of  0«5  could  indeed  be 

/3 
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accounted  for.  Howaver,  his  reeulte  showed  that  jX  is  very  sensitive  to 
the  thickness  and  the  structure  of  the  oxide  filn  and  the  asperity 
Sion.  This  suggests  that  the  coefficient  of  ftriotion  would  be  very  sensitive 
to  the  rider  naterial.  Results  shown  in  Table  3  ^nd  4  indicate  otherwise* 

A  different  approadh  originally  sitggested  Dr*  Ling  (9)  is  considered 
in  the  estlnation  of  the  energy  involved  in  plastic  deformation*  Sinoe  cop¬ 
per  has  a  face  centered  cubic  struotwre*  it  is  m>re  logical  to  assume,  that 
the  asperities  are  of  the  shape  of  rectangular  comers  (Figure  10s)*  l*lhen 
two  such  asperities  are  in  contact  the  cone  is  deformed  to  the  shape  of 
Figure  10b.  The  displaced  volune< 


with  an  area  of  contact 

A;  (-g;  . 

The  total  volume  of  the  asperity  which  undergoes  plastic  deformatlcm  may  be 
estimated  as^ 

1/i  ^  jCShJ  or  ^ 

The  corresponding  work  done  hy  the  frictional  force  F  igt 

F  '  X  (S) 


where  ^  is  the  total  expended  energy  in  plastic  deformation  per  tmlt  volume 
and\;£  is  the  distance  traveled*  The  factor  of  2  is  introduced  for  idwatloal 
materials  at  slow  speeds*  The  area  of  contact  is  related  to  the  load  W  and 


the  flow  stress  ly  the  relatloni 


Z  Ai 
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f9; 


The  coefficient  of  friction  ist  therefore, 


V/ 

zz  ^  f  to  ) 

H  IM 

to  simplifjr  the  problem,  let  ue  assume  Vi’s  end  Ai’s  are  constant  and 
/  L-  equation  (lO)  is  then  reduced  to* 


Comparing  with  equation  it  ia  clear  that  this  mechanism  will 

lead  to  similar  qualitative  results  predicted  hgr  the  crude  adhesion  theoxy* 
Consequently,  it  is  easily  ignored  since  it  is  usually  much  smaller  ooraparad 
to  adhesion,  whenever  the  latter  is  present. 

In  oz^er  to  estimate  the  coefficient  of  friction  from  the  above  equation, 
data  on  the  total  expended  energy  during  plastic  deformation  must  be  available. 
This  kind  of  data,  however,  is  not  readily  available  except  for  some  deforma¬ 
tion  by  iwpapt  (18),  However,  the  total  work  (E„)  may  be  estimated  troa 
the  ideal  work  (Ej)  by  a  multiplying  factor,  say  about  two.  Thus, 


21  S 


w 


f' 


>7 


/  •  U^) 

To  evaluate  E,/  it  is  neoessaxy  to  calculate  the  true  strain 

I  =  -^"77^  -  0.0 

Calculation  of  from  measured  compressive  stress-strain  curve  of  copper 
have  been  done  by  Claretaraugh  et  al  (4)  for  much  hi^er  strain.  These  authors 
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also  aho»»d  that  V*  torsion  and  oonjirsssion*  on  a  tms  strain  basis, 
agreed  wil  idthln  experlwental  errors.  Gordon  (6)  obtained  the  data  of 
V  on  the  tension  of  copper  down  to  0.103.  These  data  are  shown  in  Figure 
9,  With  extrapolation,  the  value  of  V  was  found  to  be  0.9  «al/cc.  Going 
p-  «  88  kg/iffl^,  we  have:  , 

^  ^  ^  X  oS  7^4J85^ 

/  "  X  to^  X  $so-^ 

—  n  IP, 


In  case  one  asperity  is  very  hard,  the  deformation  may  be  confined  to  one 
asperity  with  twice  the  displaced  volume.  With  higher  stra^  the  coefficient 

of  friction  is  calculated  to  be  0.20. 

The  above  calculation  is  rather  crude  as  the  increase  in  contact  area 
was  not  considered.  The  effect  of  combined  etress  was  also  neglected.  How. 
ever,  the  order  of  magnitude  is  correct,  indicating  that  energy  expended  in 
plastic  deformaUon  is  probably  the  cause  of  friction  force  in  the  absence 
of  adhesion.  It  should  be  emjihasised  that  neither  the  aeperily  siae  norr  the 
properUes  of  surface  film  is  involved,  thus,  predicting  a  rou^  constant 
coefficient  of  frieUon  of  copper  with  different  surface  finish  and  oxide 
film  thickness  provided  it  is  not  too  thick.  Two  deductions  may  be  drawn 

directly* 

(l)  In  the  absence  of  adhesion,  energy  expended  in  plasUc  deformation 

becomes  the  principal  source  of  friction  fow^  As' msnUoned  above, 

in  copper-copper  system.  If  the  rider  is  replaced  with  a  v«y  hard 
aaterial  to  restrict  the  deformation  to  the  copper  specimen  only, 
the  corresponding  change  of^  is  only  about  ten  percent.  (Although 
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.  cubic  cry.t.1  «.  «««)  »  «»  rcUticnchlp.  «1U 

hold  f*r  .sp«ltiM  derived  fro.  other  017.UI  .y.t»».)  The 

eliding  frlotlott  coefficient  depende  noetly  on  the  neture 
wfter  of  the  tuo  ep«.lnene.  Oelng  rldere  »de  of  h«der  neterUle 
(H.10  tool  eteel,  ftteed  querte.  end  id,lte  eepphire)  on  copper,  the 
reeulte  ere  ehomi  In  Teble  3  uhere  yU  -0.33  *  0.08.  el  g 
elunlme.  eubetret.  Teble  t  .b»»e  thet  ^  bec.«  0.65  *  0.07. 

(2)  In  the  pleetlc  deforaetlon  of  netele,  certeln  enount  of  the 

energy  le  ptored.  the  emount,  hoeever,  le  only  e  enell  freotloo 
of  the  totel  expended  energy,  the  retlo  of  etored  energy  (  e^ 

the  Idee  vork  (V)  1*  •"o™ 

etreln.  At  the  etreln  of  0.06.  It  oen  be  eeen  thet  the  retlo  Ee/^* 
le  leee  then  20<.  Since  V  1*  '**" 

energy).  Ee/®«  •>»““ 

expended  energy  for  pleetlc  defometlon  le  not  ch.ng«i  eubetentlelly 
hy  «,ld  «ork.  Itfl,  eliding  eyeten.  If  It  renelne  the  prlnclpel  «- 
chenlen.  the  frlotlon  coefficient  ney  be  expected  to  drop  ellghtly 
upon  repented  eliding  on  the  edne  treok  due  to  the  etored  energy. 
Buperlnantel  obeerretlon  of  thie  effect  ney  6e  hindered  by  the 

^..iUetlon  of  ether  .echenl.™  eklch  ceuee  friction  to  nee.  Teble 

j  ehoue  the  motion  coefficient  of  H-10  tool  eteel.  querte  end 
'uhlte  eepphire  on  copper,  both  et  the  virgin  eurf.ee  end  .ft«r  one 

hour  of  «.ntl«uoue  rubbing  (epproxlnetely  1200  pethe).  The/i<e  of 

both  M-IO  «>d  eepphire  renelned  f»lrly  oonetent.  «hlle  nth  ftteed 

e  vmrB  moro  than  doubled  indicating 

quartai  the  friction  ooemelenta  wre  more 

other  ne.du.nl®..  poeelhly  nheelon.  he.  etertl. 
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(l)  The  eliding  motion  eoeffioient  of  copper  on  oopper  under  ataosi^rie 
conditions  esdiibite  e  bifOreation  i^enonenon,  two  values  could  be  ob* 
tained  with  apparently  identical  conditions*  Both  branches  were  constant 
over  the  load  range  (o.l  to  20  grams)  used* 

(2}  When  the  specimens  were  thorou^ly  oleaned  eleotrolytioally  a  coef¬ 
ficient  of  friction  above  1*0  is  usually  obtained*  The  appearance  of  wear 
tracks  indicated  that  adhesion  was  the  psrinoipal  nsehanisn* 

(3)  The  initial  friction  coefficient  between  solvents  oleaned  oopper  speci¬ 
mens  is  about  0*4*  At  this  stage  of  the  sliding  process^  no  evidence  of 
adhesion  was  observable  from  the  wear  track  but  plastic  deformation  was 
evident*  Apparently  the  trace  of  impurity  inhibited  adhesion* 

(4)  Plastic  deformation  should  be  considered  as  a  significant  mechanism 
in  sliding  friction  when  adhesion  is  weak*  Crude  oaloulatlorfliwised  on  the 
total  eiqsended  energy  showed  that  the  coefficient  of  friction  between  cop¬ 
per  speoimns  should  be  about  0*2*  This  value  is  lower  than  the  «eperlmental 
data»  but  it  is  of  the  right  order  of  magnitude  and  could  conceivable  be  im¬ 
proved  hy  more  refined  calotilation* 

(5)  Based  on -plastic  deformation  mechanismt  sliding  friction  coefficient 

is  insensitive  to  the  rider  material  provided  it  is  harder  than  the  substrate* 
Experimental  results  using  both  copper  and  aluminum  subatrates  showed  that 
such  is  the  case* 

(jS)  ^Jjpon  related  rubbing*  if  plaatio  deformation  rraains  the  principal 
mechanism*  the  friction  coefficient  nay  drop  slii^tly  with  time*  However, 
it  nay  rise  due  to  other  neohanians*  Ibis  is  substantiated  by  the  experl- 
Dwntal  results  with  oopper  substrate* 
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mMESCLATURE 


A 

Ai 

Es 

Ew 


V 

F 

k 

Pm 

8 

Vi 

vi 

w 


Time  »t*e8  of  contmct# 

Ar«8  of  contact  of  tho  pair  of  aaperltioa. 

Stored  energy  in  plaetlc  deformation  (per  unit  volume  of  Mterial). 

Total  ex^nded  vork  In  plasUc  deformation  (per  unit  volume  of 
material). 

loUl  UMl  vork  In  pUstlc  d.fora.Uon  (p«r  unit  Tolun. 

of  materials*) 

Friction  force. 

Edge  length  of  the  displaced  cone  of  the  1^  pair  of  asperiUes. 
ratio  of  shear  stress  of  junction  to  that  of  the  material. 

Distance  traveled  in  the  deformation  of  asperities. 

Flow  Stress* 

Shear  Stress. 

Voi™,  of  pl.»tlc.lly  doforMd  of  1*^  P«i>-  of 

Displaced  volume  due  to  plasties  deformation  of  the  1  pair  of 
asperities. 

ioad 

True  Strain. 

Coefficient  of  friction. 
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TABLE  ^ 

SUMKAKT  OP  SLIDIHO  FRICTIOS  DATA  OF  COPPER  CLBASS)  WITH  SOLVEHTS  OHLT 


LOAD  (gng) 

IMITIAL 

0.1 

0.45 

0.34 

0.2 

0,43 

0.39 

0.5 

0.41 

0.35 

1.0 

0.34 

0.36 

2.0 

0.37 

0.43 

5.0 

0.40 

0,38 

e 

0.45 

10.0 

0.44 

0.44 

e 

0.39 

20,0 

0.39 

0,38 

e 

0.45 

2  Min. 


5  Min.  10  Min.  20  Min, 


0,41 

X 

x“* 

X 

0.40 

0.38 

0.39 

z 

X 

X 

X 

lt02 

X 

X 

1.07 

1.00 

X 

0.95 

0.90 

spwe-eii^ 

X 

0,94 

1,00 

X 

X 

1.02 

0^98 

1,06 

1.12 

1,05 

eSWMWeee* 

0.98 

1.02 

1,02 

60  Min. 

0.44 

0.39 

0.45 

0,42 

0.36 

0.39 

0,42 

0,47 

0.37 

0.48 

1.06 

Z 

0.96 

0,98 


0,96 


X  DnnotnB  fluotuation  betwen  0.35  and  1.20,  no  aUtOy  roadingo  could  bo  o^ln^. 
•  Donotos  tho  disk  Bpeolnens  wore  polished  to  <lyi/-in.,  others  were  sanded  to  Z-A 
^•In. 
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TAHJS  2 


SLIDIJIO  FRICTION  OP  COPPBB  CLEANED  WITH 
SOLVENTS  ONLY  WITH  STEPWISE  VARIABLE  LOAD 


FRICTION  COEFFICIEHT 


lX)AD(gnu;) 

A 

B 

C 

D* 

0*1 

.39 

.34 

.31 

0*2 

.^3 

.39 

.39 

.39 

0*5 

M 

.35 

.3^ 

.37 

1*0 

.39 

.3^5 

.34 

.36 

2*0 

.43 

.37 

•37 

.53 

5.0 

1.09 

1.04 

1*12 

.45 

10*0 

1.15 

*94 

1*06 

*90 

20*0 

1.15 

1.04 

1.03 

1*01 

10*0 

1*04 

*94 

.98 

*99 

5.0 

.90 

.92 

.90 

.99 

2*0 

1.13 

.77 

1.16 

1*05 

1.0 

1*05 

.77 

.84 

.92 

0*5 

1*04 

.90 

.78 

*8^ 

0*2 

.78 

.70 

.84 

.77 

0*1 

.31 

.39 

.29 

.39 

In  Series  D,  a  new  rider  was  used  after  each  load  change*  One  rider  was 
used  In  each  of  the  other  series* 
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TABLE  3 

SLIOmJ  FRICTIDll  OF  TARIOOS  RIDERS  OS  COPPER 


RIDER 


LOAD(gm)  PRICTIOS  COEFFICIEST 

Initial  Aftar  60  nln* 


H-10  Tool  Steel 

5 

10 

20 

Fused  Quarts 

5 

10 

20 

White  SspiMre 

3 

10 

A  \J 

20 

0,32  0.38 
O.iH  0.37 
0.36  0.42 

0.32  0.06 

0.39  0.77 
0.34  0.75 
0.26  0.24 

0.30  0.25 
0.28  0.40 
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TABLE  4 

SLIDIKQ  FRICTION  ON  ALBMIKDK  SUBSTRATE 


RIDER 

MAD  (g«) 

FRICIIOH  COEFFICIENT 

M-10  Tool  Stool 

0.2 

0.58 

10.0 

0.64 

Fuood  Quarts 

0.2 

0.61 

10.0 

0.67 

White  Sa|3|Mro 

0.2 

0.63 

10.0 

0.67 

Copper 

00.2 

0.73 

10.0 

0.69 

TM  ASRCIL63«,51 


DISPLACEMENT  TRANSFORMER  DRAW  BAR 


ROTATING  SPEED  (R.P.M.) 

FIG.  3  EFFECT  OF  SPEED  ON  THE  SLIDING  FRICTION  OF  COPPER 


COEFFICIENT  OF  FRICTION 


FIG.  5  TYPICAL  RECORDING  OF  SLIDING 
FRICTION  OF  CLEAN  COPPER 


load:  0.5  gm. 


I  t  I 

I  2 

TIME  (min.) 


COEFFICIENT  OF  FRICTION 


FIG.  7  TYPICAL  RECORDING  OF  SLIDING 
FRICTION  OF  COPPER  CLEANED 
WITH  SOLVENTS  ONLY 


1.4 


TIME  (min.) 


4S  Cl- 


COEFFICIENT  OF  FRICTION  COEFFICIENT  OF  FRICTION 


FIG.  9  SLIDING  FRICTION  BETWEEN  M-IO 
TOOL  STEEL  SPECIMENS 


'-'4 


»-  .  i..  V-'  -L, 


l.2r  A.  SPECIMENS  CLEANED  WITH  CATHODIC  REDUCTION 


.2- 

01  .  I - 1 - L— I _ I _ 1.  M  I _ I _ I _ ■  I  I 

0  2  4  6  8  10  12 

TIME  (min.) 


I.2r  B.  SPECIMENS  CLEANED  WITH  SOLVENTS  ONLY 


1.0 


01  I  I _ I _ I _ I _ I _ I _ I  I  I  I  '  I 

0  2  4  6  8  10  12 

TIME  (min.) 


S'/Cc/y-  -( •?  -JB  S  ( 
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FIG.IO  MODEL  ASPERITY 


A.  ORIGINAL 


c/!/^  ^  3  s  ( 


^  Nivais  3nai 


IDEAL  WORK  (CAL/CC) 


